ABSTRACT
Dihydropyridines (DHPs) are an important class of drugs, used extensively in the treatment of angina pectoris, hypertension, and arryhythmia. The molecular mechanism by which DHPs modulate Ca 2+ channel function is not known in detail. We have found that DHP binding is allosterically coupled to Ca 2+ binding to the selectivity filter of the skeletal muscle Ca 2+ channel Ca V 1.1, which initiates excitation-contraction coupling and conducts L-type Ca 2+ currents. Increasing Ca 2+ concentrations from approximately 10 nM to 1 mM causes the DHP receptor site to shift from a low-affinity state to a high-affinity state with an EC 50 for Ca 2+ of 300 nM. Substituting each of the four negatively-charged glutamate residues that form the ion selectivity filter with neutral glutamine or positivelycharged lysine residues results in mutant channels whose DHP binding affinities are decreased up to 10-fold and are up to 150-fold less sensitive to Ca 2+ than wild-type channels. Analysis of mutations of amino acid residues adjacent to the selectivity filter led to identification of Phe-1013 and Tyr-1021, whose mutation causes substantial changes in DHP binding. Thermodynamic mutant cycle analysis of these mutants demonstrates that Phe-1013 and Tyr-1021 are energetically coupled when a single Ca 2+ ion is bound to the channel pore. We propose that DHP binding stabilizes a nonconducting state containing a single Ca 2+ ion in the pore through which Phe-1013 and Tyr-1021 are energetically coupled. The selectivity filter in this energetically coupled high-affinity state is blocked by bound Ca 2+ , which is responsible for the high-affinity inhibition of Ca 2+ channels by DHP antagoinsts.
This article has not been copyedited and formatted. The final version may differ from this version. (Brown et al. 1984; Kokubun and Reuter 1984; Thomas et al. 1985; Sanguinetti et al. 1986) or antagonists favoring closed states of the channel (Bean 1984; Sanguinetti and Kass 1984; Gurney et al. 1985; Kokubun et al. 1986; Cohen and McCarthy 1987; Hamilton et al. 1987) . While it is clear that DHPs modulate channel gating mechanisms, the molecular basis for DHP action is still not known.
Localizing the DHP receptor site was an important first step towards elucidating the mechanism by which DHPs modulate Ca 2+ channel gating. Nine key residues important for drug binding and unique to DHP-sensitive channels were localized to transmembrane segments IIIS5, IIIS6 and IVS6 (Mitterdorfer et al. 1996; Peterson et al. 1996; Schuster et al. 1996; He et al. 1997; Peterson et al. 1997) . When these nine L-type specific amino acids are substituted into a DHP-insensitive α 1 subunit, the resulting channel becomes sensitive to both DHP agonists and antagonists (Hockerman et al. 1997; Ito et al. 1997; Sinnegger et al. 1997) . These studies indicate that the DHP receptor site is formed by transmembrane segments IIIS5, IIIS6 and IVS6 (Fig. 1A , dark cylinders).
This article has not been copyedited and formatted. The final version may differ from this version. Yue and Marban 1990) . The original two-site barrier model nicely simulates most of the permeation properties of the channel, but it has limited value when applied to structural studies.
However, the primary features of this model (i.e. binding and repulsion) almost certainly are the dominant forces in a conducting pore. Binding and repulsion of ions within the selectivity filter is a core feature of recent models of the pore that are based more on structure than the original two-site models (Dang and McCleskey 1998; Nonner et al. 1998; Boda et al. 2001; Corry et al. 2001; Lipkind and Fozzard 2001) .
Previously, we and others found that high affinity DHP binding is dependent on Ca
2+
binding to the selectivity filter (Mitterdorfer et al. 1995; Peterson and Catterall 1995 in the context of current theoretical models for permeation (Nonner et al. 1998; Boda et al. 2001; Corry et al. 2001; Lipkind and Fozzard 2001; Wang et al. 2005) 
MATERIALS AND METHODS
Preparation of wild-type and mutant Ca V 1.1 membranes. Wild-type and mutant α 1S (Ca V 1.1) Ca 2+ channels were co-expressed with the β 1a and α 2 δ subunits as described previously (Peterson and Catterall 1995) . Briefly, cDNAs encoding all the channel subunits, were cotransfected into tsA-201 cells by calcium phosphate precipitation and membranes were harvested 2-3 days following transfection. Cells were washed twice in Buffer A (50 mM Tris, 100 µM phenylmethylsulfonyl fluoride, 100 µM benzamidine 1.0 µM pepstatin A, 1.0 µg/µl leupeptin, and 2.0 µg/ml aprotinin, pH 8.0). Cells were scraped and homogenized in the same buffer using a glass-tephlon homogenizer. The homogenate was centrifuged at 1700 x g for 10 min and the resulting pellet was discarded. The supernatant was centrifuged at 100,000 x g for 30 min and the resulting membrane pellet was washed and homogenized in Buffer A. Membrane aliquots remained stable for several months, but were typically used within one week of harvesting. (Glossmann et al. 1985; Mitterdorfer et al. 1995; Peterson and Catterall 1995) . In Fig. 2A for the glutamate substitution mutants (Fig. 3C ). E292Q, whose value for α was increased to 54.5, was the only exception to this trend. The role α plays in determining DHP binding properties is discussed in greater detail, below. Together, the changes in K D1 , K C1 and α in these mutants indicate that the DHP receptor site is allosterically coupled to the selectivity filter of L-type Ca 2+ channels. Therefore, it is plausible that the molecular details that underlie DHP activity may involve structural rearrangements in the outer pore and selectivity filter of the channel.
Uncharged residues in the outer pore are critical for DHP and Ca 2+ binding. A comparison of the amino acid sequences in the outer pore segments of each repeat of the Ca 2+ channel isoforms reveals several residues that are unique to DHP-sensitive channels and are adjacent to the Ca 2+ -binding glutamate residues in the selectivity (Fig. 1B) . To determine whether these residues are important DHP-and/or Ca 2+ -binding determinants, the mutants C288A, F1013G, Q1018E, Q1018M, Y1021K, C1319A, Q1326H and E1327Q were constructed and analyzed as described above and in the Materials and Methods ( Fig. 4 ; Table 2 ). C288A, Q1018E, Q1018M, C1319A, Q1326H and E1327Q
have DHP-and Ca 2+ -binding profiles similar to those of wild-type and are not discussed further.
In contrast to the glutamate mutants, high affinity binding of DHP and Ca 2+ is enhanced for mutant F1013G, in which a Gly characteristic of Ca V 2 channels is substituted for Phe in Ca V 1.1. K D1 for F1013G is slightly lower than that of wild-type (0.22 verses 0.31 nM, respectively), and K C1 for F1013G decreased 2.3-fold from 40 nM to 17.4 nM ( Fig. 4A and B) . However, the most interesting change in the binding profile This article has not been copyedited and formatted. The final version may differ from this version. for F1014G is the 12.5-fold increase in magnitude of the coupling factor, α , which results in an 11-fold increase in αK D1 compared to wild-type (Fig. 4C ).
High-affinity binding of DHP and Ca 2+ is also modified for mutant Y1021K, in which a Lys characteristic of Ca V 2.1 and Ca V 2.2 channels is substituted for Tyr in Ca V 1.1 (Fig.   4) . First, in contrast to F1013G, K D1 for Y1021K is three-fold larger than K D1 for wildtype ( Fig. 4A ; Table 2 ). Second, K C1 for Y1021K is more than 30-fold larger than K C1 for wild-type (Fig. 4B) . Finally, while the coupling factor α for F1013G is 12.5-fold larger than that of wild-type, α for Y1021K is only half that of wild-type (Fig. 4C ). Fig. 4 ; Table 2 ), even though these two substitutions typically coexist in Ca V 2 channels within nine amino acid residues in the outer pore loop of domain III (Fig. 1B) . This prompted us to construct a mutant channel in which Phe-1013
and Tyr-1021 have been replaced with Gly and Lys, respectively, resulting in the double mutant FY/GK. The double mutation causes a much larger increase in K D1 than either single mutation (Fig. 4A , Thermodynamic mutant cycle analysis (Carter et al. 1984; Hidalgo and MacKinnon 1995) was used to quantitate the energetic interaction between Phe-1013 and Tyr-1021 in DHP binding (Fig. 5) Table 1 . The DHP affinity of E292Q is 11-fold less than that of wildtype with no Ca 2+ ions bound to selectivity filter, but due to a 3.5-fold increase in α compared to wild-type, the affinity is decreased by only 3-fold when one Ca 2+ ion is bound (Fig. 6A) . In contrast to E292Q, α values for the other glutamate mutants are smaller than those of wild-type (Fig. 3) . Consequently, the increases in DHP affinity upon binding of a single Ca 2+ ion to these mutants are much less than for E292Q or wildtype, as illustrated for E292K in Fig. 6A . In the absence of Ca 2+ , the DHP binding affinity for mutants E1014K and E1014Q are nearly identical to that of wild-type (Fig.   6B ). Increasing Ca 2+ concentration has even less effect on DHP binding for E1014Q and E1014K ( Fig. 6B ) than for E292Q (Fig. 6A ).
The largest change in the magnitude of α was observed with mutant F1013G, whose value for α is 12.5-fold greater than that of wild-type ( (Nonner et al. 1998; Boda et al. 2001; Lipkind and Fozzard 2001; Wang et al. 2005) . We propose that DHPs block monovalent and divalent currents by stabilizing a nonconducting blocked state that is structurally and functionally analogous to a channel with a single Ca 2+ ion in its selectivity filter.
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Introduction of positively charged lysine residues mimics binding of Ca

2+
.
Replacing the substituted glutamine residues with positively-charged lysine residues would be expected to partially mimic a Ca 2+ ion by acting as a countercharge in the selectivity filter. If the charge-reversal substitutions were to perfectly mimic a single bound Ca 2+ ion in the pore, α K D1 would equal K D1 and the coupling factor α would equal 1. We were pleased to find that the charge-reversal substitutions did follow this predicted trend but as might be expected, inserting a lysine with a valence of only +1 into a This article has not been copyedited and formatted. The final version may differ from this version. Unfortunately, these experiments are quite challenging using Ca V 1.1 channels, so this hypothesis will be tested using the cardiac Ca V 1.2 channel.
Energetic coupling mediated by bound Ca
2+
. and E1014Q are significantly different from E1323Q but not E614Q. C. Values for the coupling factor α were determined as described in the Materials and Methods using Scheme 1 (see also, Fig. 2A ). A-C. Non-glutamate residues in the pores of repeats I, III and IV were altered and analyzed as described in Figure 3 . selectivity filter. PN200-110 binding to its receptor site is driven by a negative change in Gibbs free energy, ∆G. ∆G changes for mutant channels whose affinity for DHP binding is altered and this change in ∆G, designated ∆∆G, is calculated using the dissociation constants for drug binding to the wild-type and mutant channels, such that: ∆∆G = -RTln(K Dmut /K Dwt ), where R is the gas constant and T is the absolute temperature in The expression levels of E614K and E1323K were too low to use in these analyses. Fold
